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Edited by Francesc PosasAbstract Accumulation of unfolded proteins in the endoplasmic
reticulum (ER) causes stress and induces the unfolded protein
response (UPR). Genome-wide analysis of translational regulation
in response to the UPR-inducing agent dithiothreitol in Saccha-
romyces cerevisiae is reported. Microarray analysis, conﬁrmed
using qRT-PCR, identiﬁed transcript-speciﬁc translational regu-
lation. Transcripts with functions in ribosomal biogenesis and
assembly were translationally repressed. In contrast, mRNAs
from known UPR genes, encoding the UPR transcription factor
Hac1p, the ER-oxidoreductase Ero1p and the ER-associated
protein degradation (ERAD) protein Der1p, were enriched in
polysomal fractions, indicating translational up-regulation.
Splicing of HAC1 mRNA is shown to be required for eﬃcient
ribosomal loading.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The unfolded protein response (UPR) is a eukaryotic stress
response initiated by detection of unfolded proteins in the
lumen of the endoplasmic reticulum (ER), and is therefore
an ER stress response. The yeast Saccharomyces cerevisiae
has been examined in detail for transcriptional regulation by
the UPR and, to a lesser extent, translational regulation. The
transcriptional up-regulation of genes by the UPR is mediated
by the transcription factor Hac1p, the synthesis of which
requires the removal of a non-spliceosomal intron from the
HAC1 mRNA before translation is possible. The molecular
basis of the UPR has been summarised for mammalian and
yeast systems [1,2]. We report on a detailed analysis of transla-
tional regulation due to the UPR.
Translational regulation in eukaryotes exists at both global
and transcript-speciﬁc levels. Such regulation forms an essen-
tial part of cellular control over protein levels. Regulation
occurs primarily at the stage of translation initiation, a com-*Corresponding author. Fax: +44 (0) 115 951 3251.
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doi:10.1016/j.febslet.2008.01.009plex process that requires interactions between upwards of
11 diﬀerent proteins [3]. Eukaryotic translation initiation can
be divided into two mechanisms: 5 0cap-dependent and 5 0cap-
independent. The former mechanism represents the dominant
pathway and is thought to function for approximately
95–97% of total cellular mRNAs [4].
Global regulation of translation occurs during extreme cellu-
lar perturbation and is achieved predominantly via phosphor-
ylation of eukaryotic initiation factors (eIFs). The classic
example of this is the phosphorylation of eIF2a, a component
of the ternary complex. Phosphorylation of eIF2a prevents
GTP-exchange on eIF2, a reaction required for generation of
the active translation initiation complex and consequently
results in global inhibition of translation [5]. In mammalian
systems, ER stress, viral infection, amino acid starvation and
heat shock all result in eIF2a phosphorylation [6]. Four
distinct protein kinases mediate this response: haem-regulated
inhibitor kinase (HRI), protein kinase RNA (PKR), PKR-like
ER protein kinase (PERK) and general control non-derepress-
ible-2 (Gcn2p). Signiﬁcantly, only Gcn2p has been identiﬁed in
yeast [7]. Of particular relevance to this study is the absence of
a PERK homologue in Saccharomyces cerevisiae. PERK is
responsible for phosphorylation of eIF2a in response to ER
stress, forming part of the mammalian UPR [1,2,8,9]. The
reason for its absence in yeast is unclear, although this may
relate to a reduced requirement for secretory function in yeast.
However, its absence in ﬁlamentous fungi which have a higher
secretory capacity would suggest otherwise.
Transcript-speciﬁc mechanisms of translational regulation
identiﬁed in S. cerevisiae include internal ribosomal entry,
and the presence of small upstream open reading frames
(uORFs) [7,10–12]. The latter mechanism has been shown to
be coordinated with global translational regulation, resulting
in enhanced translation of the transcription factor GCN4
mRNA during Gcn2p-dependent global translational repres-
sion.
To date, evidence for translational regulation in the UPR of
S. cerevisiae relates to the mRNAs encoding the transcription
factors Gcn4p and Hac1p. HAC1 mRNA translation is regu-
lated by the presence of a non-conventional (non-spliceoso-
mal) intron which forms a stem-loop structure with the 5 0
UTR, resulting in ribosomal stalling [13]. Splicing of HAC1
mRNA facilitates translation elongation and production of
active Hac1p.
The aim of this study was to identify additional examples of
transcript-speciﬁc translational regulation in response to ER
stress, building on the genome-wide transcriptional study ofblished by Elsevier B.V. All rights reserved.
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[14]. To achieve this, Aﬀymetrix DNA oligonucleotide yeast
microarrays were utilised for analysis of RNA samples frac-
tionated using sucrose density gradients. Pooling of fractions
into non-polysomal and polysomal samples under control
and DTT-treatment conditions provided a rapid method to as-
sess ribosomal association under stress conditions. This analy-
sis clearly identiﬁed groups of genes showing both reduced and
increased polysome association upon DTT-treatment, and
provides new insights into HAC1 regulation.2. Materials and methods
2.1. Yeast strains and growth conditions
S. cerevisiae strains used were of the BY4741 background (MATa
his3D1 leu2D0 met15D0 ura3D0). Wild-type and single gene deletion
strains were obtained from EUROSCARF (http://web.uni-frank-
furt.de/fb15/mikro/euroscarf/). All strains were grown in YEPD (2%
w/v bacto-peptone, 2% w/v glucose, 1% w/v yeast extract) adjusted
to pH 5.4, with rotary aeration at 30 C.
2.2. Polysome analysis and RNA extraction
Cell extracts were prepared from log phase (OD600 = 0.5) cultures,
essentially as described previously [15]. Extracts were fractionated
through sucrose gradients using a programmable density gradient sys-
tem (ISCO, Lincoln, NE, USA). Fractions were pooled into non-
polysomal and polysomal samples according to OD254 proﬁles. RNA
extractions from pooled fractions were carried out as described previ-
ously [15]. Total RNA samples were prepared using a standard lyticase
protocol followed by puriﬁcation with an RNeasy column (Qiagen).
2.3. qRT-PCR and RT-PCR analysis
Both total and fractionated RNA samples were treated with RQ1
DNase to remove residual genomic DNA (Promega). Samples were
subsequently re-puriﬁed using RNeasy columns and reverse transcribed
using Superscript III reverse transcriptase (Invitrogen) as described in
the manufacturers instructions. Quantitative reverse transcriptase
PCR (qRT-PCR) was performed using the Stratagene MX4000 and
Applied Biosystems 7500 instruments using both SYBR green and Taq-
man chemistries. All quantiﬁcation was carried out using the relative
standard curve method, with data for transcripts under investigation
being normalised to ACT1 transcript levels. HAC1i transcript levels
were analysed using a Taqman probe designed to bind across the
exon-exon boundary formed upon splicing and thus was selective for
the spliced transcript. Primer sequences used are shown 5 0–3 0 as follows:
SYBR green primers: ERO1 (For: GCAGAATGCAGGGTTATTGG
Rev: GCAAGCCGTCCATTTCTTAG), HAC1 (For: TCGCA-
CTCGTCGTCTGATA Rev: ATCTGCAGCTCCCATGAAGT),
Taqman primers/probes: HAC1 (For: GAAGACGCGTTGACTTG-
CA, Rev: GAAATCCCTGTACTCGTCAAGAGAA, Minor groove
binder (MGB) probe: CCACGACGCTTTTGTTGC), HAC1i (For:
ACAATTCAATTGATCTTGACAATTGG, Rev: TCAATTCAA-
ATGAATCAAACCTGAC, MGB probe: CGTAATCCAGAAGCG-
CA).
RT-PCR was performed using Phusion DNA polymerase (Finn-
zymes) and the following primers designed to bind in the two
exons of the HAC1 mRNA (present in both the HAC1i and
HAC1u mRNA forms): HAC1 For: GGAAACAGTCTACCCTTT-
GACAAT, HAC1 Rev: TCATGAAGTGATGAAGAAATCATTC.
Ampliﬁcation of cDNA derived from the HAC1i form yields a
111 bp product where ampliﬁcation of the HAC1u cDNA yields a
363 bp product.
2.4. Microarray analysis
Sucrose gradient RNA fractions were collected and pooled into non-
polysomal and polysomal samples according to OD254 proﬁles. RNA
was subsequently puriﬁed from pooled samples. This was performed
in triplicate. RNA samples used for microarray analysis were thus
combined from three independent extracts.
Aﬀymetrix GeneChip array expression proﬁling was carried out at
the John Innes Genome Lab (http://www.jicgenomelab.co.uk). All pro-tocols described can be found in the Aﬀymetrix Expression Analysis
Technical Manual II (Aﬀymetrix Manual II) (http://www.aﬀyme-
trix.com/support/technical/manuals.aﬀx).
RNA samples were cleaned using Qiagen RNAeasy mini-columns.
Total RNA quality was assessed by running 1 ll of each RNA sample
on Agilent RNA6000nano LabChips (Agilent Technology 2100 Bio-
analyzer Version A.01.20 SI211). Total RNA quantity was assessed by
running 1 ll of each RNA sample on a NanoDrop ND-1000 UV–Vis
Spectrophotometer (Nanodrop Technologies). First strand cDNA syn-
thesis was performed according to the Aﬀymetrix Manual II, using
5 lg of total RNA. Second strand cDNA synthesis was performed with
minor modiﬁcations to the Aﬀymetrix Manual II. cDNA termini were
not blunt ended and the reaction was not terminated using EDTA. In-
stead double-stranded cDNA products were immediately puriﬁed fol-
lowing the ‘‘Phase Lock Gel Cleanup of Double-Stranded cDNA’’
protocol (Aﬀymetrix Manual II). cDNA was resuspended in 22 ll of
RNAse free water.
cRNA preparation was performed with minor modiﬁcations to the
Aﬀymetrix Manual II. Brieﬂy, 11 ll of cDNA was used as a template
to produce biotinylated cRNA using half the recommended volumes of
the ENZO BioArray High Yield RNA Transcript Labeling Kit.
Labelled cRNAs were puriﬁed following the ‘‘Qiagen RNeasy Cleanup
and Quantiﬁcation of Biotin-Labeled cRNA’’ protocol (Aﬀymetrix
Manual II). cRNA quality was assessed on Agilent RNA6000nano
LabChips (Agilent Technology 2100 Bioanalyzer Version A.01.20
SI211). cRNA quantity was assessed by running 1 ll of each cRNA
sample on a NanoDrop ND-1000 UV–Vis Spectrophotometer
(Nanodrop Technologies). Twenty micrograms of cRNA was frag-
mented and hybridisation cocktails were set up according to the
Aﬀymetrix Manual II.
High-density oligonucleotide Yeast Genome S98 arrays containing
probes representing approximately 6400 genes (Aﬀymetrix, Santa
Clara, CA, USA) were used for gene expression detection. Hybridiza-
tion overnight at 45 C and 60 rpm (Hybridization Oven 640), washing
and staining (GeneChip Fluidics Station 450, using the EukG-
Ews2_450 Antibody ampliﬁcation protocol) and scanning (GeneAr-
ray 3000) were carried out according to the Aﬀymetrix Manual II.
CGOS (Aﬀymetrix) was used for image analysis and to determine
probe signal levels. The average intensity of all probe sets was used
for normalisation and scaled to 100 in the absolute analysis for each
probe array.
Prior to analysis, data for genes showing as absent (as deﬁned by
Aﬀymetrix software) in both control and DTT-treated non-polysomal
samples, were removed to avoid calculation of misleading ratios.
Criteria for translational regulation were set as a >2-fold shift between
non-polysomal and polysomal samples upon DTT treatment, relative
to untreated controls. Normalised and raw data ﬁles have been depos-
ited at GEO (accession number GSE10091).
Lists of genes meeting the criteria described above were analysed
using the Saccharomyces genome database (SGD) gene ontology
(GO) term ﬁnder tool (http://db.yeastgenome.org/cgi-bin/GO/goTerm-
Finder) that searches for signiﬁcant over-representation of GO terms
in gene subsets relative to genome frequencies.3. Results and discussion
3.1. DTT treatment does not result in a major redistribution of
polysome peaks
Polysome proﬁles (at OD254nm) were obtained for control
and DTT-treated cells (Fig. 1). Comparison of these proﬁles
with those obtained from conditions known to cause global
translational regulation conﬁrms previous results indicating
that ER stress does not elicit a response of similar magnitude
in S. cerevisiae [13,16–18]. A shift from glucose to glycerol
(fermentable to non-fermentable carbon source), for example,
results in a major redistribution of ribosomes from polysomes
to 80S, 60S and 40S subunits [19]. Proﬁles obtained previously
using various DTT concentrations appeared to indicate a ﬂat-
tening out of polysome peaks upon treatment but no obvious
eﬀect on the 80S or dissociated subunits [18]. It appears from
Fig. 1. Polysome proﬁles for control and DTT-treated RNA fractionations. OD254 proﬁles are shown for control (A) and DTT treated (2 mM for
1 h) (B) samples. RNA sucrose gradient fractionations were performed in triplicate, divided into non-polysomal and polysomal and pooled such that
each sample (Control non-polysomal, Control polysomal, DTT-treated non-polysomal and DTT-treated polysomal) was comprised of three
individual extractions. Proﬁles shown above are typical of those obtained.
T. Payne et al. / FEBS Letters 582 (2008) 503–509 505Fig. 1 that DTT treatment also results in a general ﬂattening of
polysome peaks here. This is indicative of slight, though not
substantial, reduction in translation initiation eﬃciency.
3.2. Aﬀymetrix microarray analysis
Translational regulation of each mRNA was assessed by
measuring the relative proportions of each mRNA in the
polysomal and non-polysomal RNA fractions and then deter-
mining changes to these proportions in response to DTT. Ra-
tios were determined by calculation of DTT-induced shift
from non-polysomal to polysomal fractions [for each tran-
script, microarray expression values were analysed by calculat-
ing (DTT-treated polysomal/DTT-treated non-polysomal)/
(control polysomal/control non-polysomal)]. As total RNA
samples were not included, data on transcriptional regulation
were obtained from a published database [14]. One hundred
and sixty seven annotated genes (and 196 genes of unknown% translationa
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Fig. 2. GO process categorization of genes showing enhanced translation wit
were categorized using the SGD GO slim mapper tool. For sake of brevity
subset) are shown.function) showed enhanced translation during DTT-treatment
(a >2-fold shift from non-polysomal to polysomal fractions)
and 140 annotated genes (and 130 of unknown function)
showed reduced translation (a >2-fold shift from polysomal
to non-polysomal fractions): see Appendix A. In a previous
study [20], amino acid starvation resulted in changed transla-
tion state for 615 mRNAs (342 up; 273 down). Fusel alcohol
addition [20] aﬀected 167 mRNAs (97 up; 70 down). This
compares to 307 mRNAs here (167 up; 140 down), indicating
that eﬀects on mRNA translation states resulting from DTT
treatment are of a similar magnitude to those mediated by
known global translational control mechanisms. Genes show-
ing enhanced translation were categorized into GO process
terms using the Saccharomyces Genome Database GO slim
tool (http://db.yeastgenome.org/cgi-bin/GO/goTermMapper).
As shown in Fig. 2, these genes fall into a wide range of diﬀer-
ent cellular processes. Gene ontology analysis carried out usinglly regulated genes involved in process
10 15 20 25
h DTT treatment. The 167 annotated genes meeting the above criteria
only process categories containing ﬁve or more genes (>2.5% of gene
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tool (http://db.yeastgenome.org/cgi-bin/GO/goTermFinder)
indicated that mRNAs for a large number of genes with func-
tions in ribosomal biogenesis (GO process terms Ribosome
biogenesis and Ribosome biogenesis and assembly) shifted
from polysomal to non-polysomal fractions upon DTT treat-
ment. The 16 genes annotated with the GO term Ribosome
biogenesis and assembly (showing translational repression in
response to DTT treatment) are shown in Table 1. These genes
do not encode ribosomal proteins (the RPL and RPS families)
but proteins involved in rRNA processing (RRP family) and
ribosome assembly. Under normal, non-perturbed, conditions,
most mRNAs are associated with ribosomes in S. cerevisiae
although the HAC1 gene was identiﬁed as one that showed
low ribosomal occupancy [15]. In addition to the translation-
ally down-regulated genes listed in Table 1, 105 other genes
also showed down-regulation by at least 2-fold (see Supple-
mentary data). Included in this set of genes were some associ-
ated with mitochondrial function, lipid synthesis, polarity, and
secretion amongst others.
3.3. UPR genes show transcriptional and translational induction
upon DTT treatment
Due to the role of the UPR in the response to ER stress, it
was originally thought that UPR target genes, as classiﬁed pre-
viously [14], might show translational as well as transcriptional
regulation. Four UPR-related genes were identiﬁed in theTable 1
Translational repression of ribosome biogenesis and assembly with DTT tre
Genea Function
RIX1 Essential protein involved in the processing of the ITS2 region o
locus; required for the maturation and nuclear export of the 60S
NMD3 Protein involved in nuclear export of the large ribosomal subun
Crm1p-dependent adapter protein for export of nascent ribosom
the nuclear pore complex
RPP1 Subunit of both RNase MRP, which cleaves pre-rRNA, and nu
cleaves tRNA precursors to generate mature 50 ends
UTP7 Nucleolar protein, component of the small subunit (SSU) proce
U3 snoRNA that is involved in processing of pre-18S rRNA
ECM1 Protein of unknown function, localized in the nucleoplasm and
interacts with MTR2 in 60S ribosomal protein subunit export
NSR1 Nucleolar protein that binds nuclear localization sequences, req
processing and ribosome biogenesis
RRP3 Protein involved in rRNA processing; required for maturation o
of pre-rRNA and for cleavage leading to mature 18S rRNA; ho
is a DEAD box RNA-dependent ATPase with helicase activity
UTP9 Nucleolar protein, component of the small subunit (SSU) proce
snoRNA that is involved in processing of pre-18S rRNA
SSF1 Constituent of 66S pre-ribosomal particles, required for ribosom
functionally redundant with Ssf2p; member of the Brix family
RRP4 Protein involved in rRNA processing; component of the exosom
with Rrp41p, Rrp42p, Rrp43p and Dis3p
RRP7 Essential protein involved in rRNA processing and ribosome bi
UTP10 Nucleolar protein, component of the small subunit (SSU) proce
snoRNA that is involved in processing of pre-18S rRNA
KRR1 Essential nucleolar protein required for the synthesis of 18S rRN
40S ribosomal subunit
NUP49 Subunit of the Nsp1p-Nup57p-Nup49p-Nic96p subcomplex of t
required for nuclear export of ribosomes
DBP8 Putative ATP-dependent RNA helicase of the DEAD-box famil
40S ribosomal subunit
DBP3 Putative ATP-dependent RNA helicase of the DEAD-box famil
aGenes representing the Ribosome biogenesis and assembly GO term and tmicroarray data as showing translational up-regulation (Table
2). This included HAC1, which has only been shown previ-
ously to be regulated at the translation elongation stage [23].
Although the array data do not distinguish HAC1u (unspliced)
from HAC1i (spliced) forms, conversion of HAC1u to HAC1i
followed exposure to DTT, as expected, as shown by RT-
PCR across the non-spliceosomal intron (Fig. 3). The conver-
sion was partial with DTT at 2 mM and complete at 5 mM. Of
the four genes, ERO1 and DER1 provide clear examples of
genes showing both transcriptional and translational regula-
tion in response to DTT treatment. For those genes there is
concerted transcription and translation, i.e. potentiation,
whereas the SEC66 gene appears only to be translationally
regulated. Data for HAC1 and ERO1 were supported by
qRT-PCR analyses (DER1 and SEC66 were not tested)
(Fig. 4). All qRT-PCR data were normalised to ACT1 tran-
script levels. Both qRT-PCR and microarray data for indepen-
dent RNA fractionations indicated that polysomal association
of ACT1 transcripts is largely stable during DTT treatment,
showing an average DTT induced shift from non-polysomal
to polysomal fractions of 0.86.
3.4. HAC1 transcripts are associated with polyribosomes under
DTT stress but not non-stress conditions
In order to investigate whether splicing of HAC1 mRNA is
required for ribosomal loading, DTT induction of HAC1 poly-
some association was repeated in a splicing-defective, ire1Datment
DTT induced shift from
polysomal to non-polysomal
fractions (fold)
f the rRNA
ribosomal subunit
3.3
it; acts as a
al subunits through
3.1
clear RNase P, which 2.8
ssome containing the 2.6
the nucleolus, genetically 2.4
uired for pre-rRNA 2.3
f the 35S primary transcript
mologous to eIF-4a, which
2.3
ssome containing the U3 2.3
al large subunit maturation; 2.2
e 3ﬁ 5 exonuclease complex 2.2
ogenesis 2.1
ssome containing the U3 2.1
A and for the assembly of 2.1
he nuclear pore complex (NPC), 2.0
y involved in biogenesis of the 2.0
y involved in ribosomal biogenesis 2.0
hat were translationally repressed are shown.
Table 2
UPR-related genes showing translational/transcriptional induction with DTT treatment
Gene Function Transcriptional
induction
(fold change to
control) [14]
Polysomal/
non-polysomal
Control
Polysomal/
non-polysomal
DTT treated
DTT induced shift from non-polysomal
to polysomal fractions ((DTT-treated
poly/non-poly)/(non-treated poly/non-poly))
HAC1 UPR transcription factor 3.1 0.4 0.9 2.7
ERO1 Protein folding in the ER 2.8 0.4 1.0 2.3
DER1 ER-associated degradation 2.0 0.6 1.2 2.0
SEC66 Protein translocation in ER 1.1 0.8 1.5 2.0
1        2        3        4        5 
HAC1u
HAC1i
Fig. 3. HAC1 mRNA splicing judged by RT-PCR across the non-
spliceosomal intron. Tracks 1 and 5 are size markers. The HAC1u and
HAC1i RT-PCR products are indicated. Track 2 shows the HAC1
cDNA fragment (control) and Tracks 3 and 4 show HAC1 mRNA
fragments when cells were exposed to DTT (2 and 5 mM, Tracks 3 and
4, respectively).
DTT induced shift from non-polysomal 
to polysomal fractions (fold change)
0 1 2 3 4 5 6
ERO1
HAC1
Array
qRT-PCR
Fig. 4. Conﬁrmation of microarray data for the transcripts HAC1 and
ERO1. qRT-PCR analysis was carried out on RNA samples used for
microarray analysis. Data for HAC1 and ERO1 transcripts were
normalised to ACT1 transcript levels. Values expressed are (DTT-
treated poly/non-poly)/(non-treated poly/non-poly). qRT-PCR data
shown represent means from duplicate analysis of pooled biological
samples.
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Fig. 5. qRT-PCR analysis of HAC1 translation in a splicing defective,
ire1D, strain. As previously, DTT treatment was achieved by addition
of 2 mM DTT to YEPD (pH 5.4) cultures for 1 h. Preparation of
polysomal and non-polysomal fractions for the wild-type strain was
repeated along with the ire1D strain. qRT-PCR data for HAC1
transcripts were normalised to ACT1 transcript levels. Note that
HAC1 is total HAC1 mRNA level and therefore includes both HAC1u
and HAC1i, i.e. does not discriminate on the basis of splicing. Data
shown represent means from duplicate analysis.
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strate of the Ire1p endoribonuclease activity [21]. In the splic-
ing-defective, ire1D strain, the DTT induced shift of HAC1
transcripts from non-polysomal to polysomal fractions was re-
duced by approximately 25-fold relative to the wild-type
(Fig. 5). The data in Fig. 5 are presented in this fashion as this
allows normalisation to ACT1 transcript levels (used here as a
housekeeping gene) which shows only minor redistribution be-tween non-polysomal and polysomal fractions during DTT
stress (see above). As IRE1 is required for HAC1 mRNA splic-
ing this strongly indicates that splicing is required for eﬃcient
ribosomal loading of the HAC1 transcript. Interestingly, in the
wild-type strain, DTT stress did not result in enhanced polyso-
mal association of the HAC1i transcript (Fig. 5). One explana-
tion for this is that, while DTT stress increases the amount of
HAC1i present, so increasing the net ribosomal loading of
HAC1 mRNA, the relative distribution of HAC1i mRNA be-
tween monosomes and polysomes remains approximately con-
stant.
The promoter of HAC1 contains a UPRE that is required
for prolonged activation of the UPR, functioning in an aut-
oregulatory fashion [22]. Conﬂicting data exist regarding tran-
scriptional induction of HAC1 during short term ER stress
[14,23]. The former paper also demonstrates that transcrip-
tional induction of HAC1 requires a second ER-distal signal,
in addition to ER stress, which results in a 2–3-fold upregula-
tion of HAC1 transcript levels. Thus, it is not entirely clear
whether HAC1 can be described as being transcriptionally as
well as translationally regulated, at least under short-term
stress conditions.
It has been suggested previously that HAC1 mRNA associ-
ates with polyribosomes irrespective of splicing [13,16,17].
508 T. Payne et al. / FEBS Letters 582 (2008) 503–509There are also, however, conﬂicting data [15,19] indicating that
HAC1 mRNA translation is regulated at the initiation as well
as the elongation stage, and that conclusion is supported by
our ﬁndings of the need for splicing for eﬃcient ribosome load-
ing. The interaction between the 5 0 UTR and intron of the
HAC1 mRNA inhibits ribosome loading [13]. The authors
proposed that ribosomes load onto HAC1 mRNA immedi-
ately after nuclear export, before the UTR-intron interaction
is established. This would maintain the role of the HAC1
mRNA intron in mediating translational attenuation as op-
posed to aﬀecting initiation. If, as indicated here, HAC1
mRNA is spliced before ribosome loading, this puts into ques-
tion the function of splicing in regulating translation elonga-
tion. As HAC1 mRNA translation would be predominantly
controlled at the initiation stage, the function of translation
attenuation would be diminished. An alternative way to envis-
age this is that regulation at the elongation and initiation stage
would provide a robust insurance against non-productive
Hac1p production, which is known to be detrimental to cell
growth [17,24,25].4. Conclusions
S. cerevisiae is a valuable organism in which to study the
UPR, although there have proven to be diﬀerences in complex-
ity between yeast and metazoans [9]. For example, transla-
tional repression of HAC1 by the intron in HAC1u is found
in yeast but not higher eukaryotes. We have explored ribo-
somal loading of HAC1 under normal and stressed conditions
and used DTT as the stress agent, accepting that DTT induces
the UPR (and HAC1 mRNA splicing) as well as having other
redox-related impact on the cell. In contrast to genes involved
in ribosome biogenesis and assembly that were translationally
repressed by DTT, mRNAs for UPR genes, including HAC1,
were enriched in polysomal fractions indicating translational
up-regulation by DTT stress. Furthermore, we show that eﬃ-
cient HAC1 mRNA loading to ribosomes depends upon splic-
ing of HAC1u to HAC1i.
In addition to the identiﬁed regulation of Hac1p production
at the translational elongation stage [13], a recent study into
the RNA binding properties of the protein Lhp1p, which is
known to function in the biogenesis of non-coding RNAs, re-
vealed that it associates with HAC1 mRNA, and that this
activity is essential during ER stress [26]. Data showed that
deletion of LHP1 had no eﬀect on HAC1 mRNA or splicing
levels but resulted in a 2–3-fold reduction in Hac1p, indicative
of a role in HAC1 translation. The authors suggest Lhp1p may
aﬀect the secondary structure of theHAC1mRNA, perhaps by
inﬂuencing formation of the 5 0 UTR-intron stem loop struc-
ture.
We showed that both ERO1 and DER1, but not SEC66, are
transcriptionally and translationally regulated. Such dual reg-
ulation has been termed potentiation [27]. Examples of this
phenomenon seen elsewhere include the up-regulation of car-
bohydrate metabolism following amino acid starvation and
heat shock-mediated induction of stress-related genes [20]. In
light of the potentiation observed for ERO1 and DER1 it
would be informative to assess whether this provides, as is
characteristic of translational regulation, a rapid mechanism
of enhancing protein levels (relative to transcriptional
regulation) as a protective mechanism under stress conditions.Acknowledgements: We thank the Biotechnology and Biological Sci-
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